The two isoforms of sphingosine kinase (SphK1 and SphK2) are the only enzymes that phosphorylate sphingosine to sphingosine-1-phosphate (S1P), which is a pleiotropic lipid mediator involved in a broad range of cellular processes including migration, proliferation, and inflammation. SphKs are targets for various diseases such as cancer, fibrosis, and Alzheimer's and sickle cell disease. Herein, we disclose the structure−activity profile of naphthalene-containing SphK inhibitors and molecular modeling studies that reveal a key molecular switch that controls SphK selectivity.
S phingolipids not only play a central role in eukaryotic membrane structural integrity but also in cell signaling pathways. Catabolism of sphingolipids generates ceramide, sphingosine, and sphingosine-1-phosphate (S1P), the concentrations of which are controlled by their respective enzymes. Studies have shown that these cellular metabolites can regulate the growth and survival balance of the cell. 1, 2 Ceramide and sphingosine are pro-apoptotic, while S1P promotes cell proliferation. S1P acts as a ligand to five G-protein coupled receptors (S1P1−5), which leads to diverse physiological and pathophysiological processes. The druggability of the S1P pathway was validated with the approval of fingolimod (Gilenya) by the FDA for relapsing remitting multiple sclerosis. 3, 4 Sphingosine kinases (SphK) catalyze the phosphorylation of sphingosine to S1P. The S1P generated functions in a paracrine and autocrine fashion and regulates a complex signaling network to elicit a specific response such as migration and proliferation. SphKs exist in two isoforms, SphK1 and SphK2, which are localized in different compartments of the cell. 5 A variety of diseases such as cancer, Alzheimer's disease, fibrosis, multiple sclerosis, and sickle cell disease are implicated with S1P signaling pathway. 6−10 Therefore, controlling in vivo levels of S1P as a therapeutic modality is an attractive approach for these diseases. For example, S1P neutralizing antibodies such as sonepcizumab are currently undergoing clinical trials for age-related macular degeneration (NCT01414153) and advanced solid tumors (NCT00661414). 11 SphK inhibitors are a complementary therapeutic strategy. 12 Drug discovery campaigns have been deployed to develop isoform-selective SphK inhibitors ( Figure  1 ). In particular, SphK1 has been a major focus by both academia and the pharmaceutical industry as an oncology target. 13 For example, a SphK1 selective inhibitor, PF543 (K i 3.5 nM, >100fold selective), decreased in vivo S1P levels that correlated with reduced sickling of red blood cells in a mouse model of sickle cell disease. 9 A dual inhibitor, Amgen 82, had no statistical effect in reducing tumor volume in a xenograft mouse model. 14 Comparatively, there are a limited number of SphK2 specific inhibitors reported, and these have K i values in the 1−10 μM range. ABC294640 15, 16 was the first selective SphK2 inhibitor (K i 9.8 μM) disclosed and is currently in phase I clinical trials for pancreatic cancer and solid tumors (NCT01488513), and refractory/relapsed diffuse large B-cell lymphoma (NCT02229981). Recent studies suggest that ABC294640 has a tamoxifen-like activity. 17 As a result of our interest in understanding the in vivo function of SphK2, our investigations focus on identifying improved inhibitors of SphK2. We previously established the requirement for a positively charged "warhead" that is proposed to interact with key amino acid Asp residues in the enzyme binding pocket. 18, 19 Further structure−activity studies resulted in the discovery of SLR080811, which featured a 1,2,4-oxadiazole linker and a cationic guanidine headgroup. 20 SLR080811 was the first SphK2 inhibitor to demonstrate an increase in blood S1P levels on dosing in mice. 21 Although this finding was surprising, it is in agreement with genetic studies with SphK2 null mice wherein S1P levels increased 2−3-fold over wild-type. 22−24 Subsequent studies of the tail region of SLR080811 demonstrated the necessity for the internal phenyl ring and a dependence of SphK2 inhibitory activity with alkyl chain length. 19, 25 In this report, we detail our investigations on the tail region of a scaffold that features a naphthalene ring wherein a benzyltrifluoromethyl "tail" resulted in a K i of 1 μM and >20-fold selectivity toward SphK2. Molecular modeling efforts revealed key hydrophobic and hydrogen bonding interactions within the sphingosine binding pocket. In addition, structure−activity relationship studies indicated that removal of a hydroxyl group on the pyrrolidine ring of the inhibitor acts as a molecular switch to induce selective SphK2 inhibition.
The synthesis of the naphthalene containing SLR080811 derivatives are shown in Schemes 1 and 2. In Scheme 1, 6hydroxy-2-naphthonitrile 1 was coupled to a series of primary alkyl bromides or tosyl chloride using standard Williamson ether It should be noted that the guanidylation reaction was most efficient following these conditions as heating resulted in decomposition. Removal of the Boc groups with HCl produced the desired guanidine derivatives 7a−j. To rapidly access a more diverse set of analogues, a common intermediate pathway was implemented using naphthol 11 as a key diversifying element as shown in Scheme 2.
With necessary compounds at hand, the inhibitory effects on human SphK1 and SphK2 were determined using a previously established protocol. 26 In this assay, cell lysate containing recombinant human SphK1 or SphK2, sphingosine, and [γ-32 P]ATP with or without inhibitor were incubated for 20 min. After extraction, the resulting mixture was separated by thin layer chromatography and quantified by scintillation counting. SphK activity was determined by the amount of [γ-32 P]-S1P as a Table 1 . Inhibitory Effects of Compounds with SphK1 and SphK2 a a Values are percent activity of hSphK1 or hSphK2 with 10 and 5 μM Sph, respectively, in the presence of 1 μM inhibitor. Each value is an average of three experiments. Lower SphK activity level indicates better inhibition. b See Figure 1 for structure. The K m of SphK1 and SphK2 is 10 and 5 μM, respectively.
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The results of the inhibition assay are shown in Table 1 with SLR080811 as the standard. As expected, removal of the lipophilic tail completely abolished inhibitory activity (entry 1). Incremental increases of an aliphatic chain from a short butyl to a longer heptyl group demonstrated a length dependence on inhibition (entries 2−5). In this series, optimal alkyl chain length is achieved with a pentyl group (7b), where the distance between the charged guanidine group and the omega carbon is approximately 19 atoms away. Compound 7b is slightly more potent than lead compound SLR080811. The cyclopentyl derivative 7k had similar activity, while a branched alkane (7e) or introduction of an ether linkage at the omega carbon did not improve kinase inhibition (entries 6−9). Substitution with a benzyl (7f), para-methylbenzyl (7g), or a tosyl (7h) group resulted in minimal inhibition (entries 10−12). However, placement of a 4-trifluoromethylbenzyl group (7n) resulted in significant inhibition of SphK2 without any inhibition of SphK1 at 1 μM inhibitor concentration. As this CF 3 group can impart SphK2 selectivity, the corresponding meta version (7o) was generated, but it was less potent; however, a series of halogens (Br and Cl) in the meta and para positions as well as a small 4-cyano (7t) or phenyl (7u) group were equally potent (entries 15−20). A larger, hydrophobic 1,1,4,4-tetramethyltetralin (7v) was found to be inactive. To determine the optimal chain length for 7n, homologated versions bearing the CF 3 around the benzene ring (7w−x) were tested and found to have slightly better activity. The ketone counterparts were found to induce minimal amounts of inhibition in SphK1 and SphK2 (entries 25−27). Finally, we installed a hydroxyl moiety on the pyrrolidine ring of one of the most potent and selective inhibitors in the series (7b) and a less potent, dual inhibitor (7e) to mimic one of the hydroxyl groups of sphingosine-1-phosphate to afford 7i and 7j, respectively. These compounds were found to be potent inhibitors of both SphK1 and SphK2 (entries 28−29).
To further characterize the activity of inhibitors with SphK1 and SphK2, we selected representative inhibitors for further studies. As shown in Table 2 , when a trans-hydroxyl group was installed on the pentyl (SLC5111312, 7i) and isobutyl (SLC5121314, 7j) derivatives, equipotent inhibition of SphK1 and 2 was observed, suggesting that these are dual inhibitors. 27 Interestingly, both of these compounds have the lowest cLogP and cLogD values in this set. It is predicted that this hydroxyl group mimics the interaction of one of the hydroxyl groups of sphingosine, leading to dual SphK1 and SphK2 inhibition (vide inf ra). As expected, the des-hydroxy naphthyl analogues restored SphK2 selectivity. SLC5081308 (7b) bearing a pentyl ether has a K i of 7.2 and 0.98 μM with hSphK1 and 2, respectively, affording 7-fold selectivity toward SphK2. The hexyl derivative SLC5011416 (7c) is slightly less potent and selective. In contrast, the para-trifluoromethylbenzyl ether derivative SLC5091592 (7n) has a K i of 1.0 μM and over 20-fold selectivity toward hSphK2. In terms of pharmacokinetic parameters, the new inhibitors in Table 2 are less lipophilic (cLogP = 2.3−4.7) than the lead compound SLR080811 (cLogP = 5.2) or native substrate, sphingosine (cLogP = 5.96). We then compared the activity of these inhibitors against known SphK inhibitors. As shown in Figure 2 , Genzyme 9ab and PF-543 are potent SphK1 inhibitors, whereas SLC5091592 (7n) is clearly a SphK2 selective inhibitor.
To understand the binding mode of these compounds, a homology model of hSphK2 was generated based on the published crystal structure of hSphK1 in a complex with ADP and magnesium (PDB ID: 3VZB). 28 We modified ADP to ATP by adding a phosphate group to the ADP of the crystal structure and energy minimized the resulting structure. Following the equilibration and validation of our hSphK2 homology model with ATP and Mg 2+ bound, SLC5091592 (7n), SLC5081308 (7b), and SLC5111312 (7i) were docked into the substrate-binding cavity. Our research has previously shown that these analogues are competitive with sphingosine and not with ATP. 21 As illustrated in Figure 3A , SLC5091592 (7n) adopts a "J-shape"conformation similar to the lipid portion of the sphingosine/SphK1 and PF-543/SphK1 crystal structures. 29 For SLC5091592 (7n) two hydrogen bonds are formed: guanidine to Asp211 and nitrogen (position 4) of the oxadiazole ring to Asp308. The cationic guanidine group is situated in an area surrounded by anionic residues (Asp) and the phosphate of ATP. In SLC5081308 (7b), a hydrogen bond is formed between Asp308 and the guanidine nitrogen of the pyrrolidine ring, indicating a slight change in position as caused by alteration of the tail region in the inhibitors (Figure 3A,B) and can relate to potency. In SLC5091592 (7n), a favorable π-stacking interaction between the naphthalene ring and Phe548 is observed, in addition to the benzyltrifluoromethyl "tail" being positioned in a hydrophobic pocket that is capped by a Inhibitory constants for recombinant enzymes were obtained by kinetic analysis of S1P production using variable concentration of sphingosine and a fixed concentration of ATP in the presence or absence of compounds as described previously. 21 Selectivity for each compound was determined by dividing the K m SphK2 by the K m of SphK1. residues Cys533, Tyr566, and His556. Cys533 in hSphK2 corresponds to Phe288 in hSphK1 and is one of four residue differences in the hSphK1 and hSphK2 binding cavity. Finally, the conformationally restricted pyrrolidine hydroxyl group present in SLC5111312 (7i) forms a hydrogen bond with Asp308 of SphK2 ( Figure 3C ), which is missing in SLC5081308 (7b) ( Figure 3B) , allowing it to function as a dual SphK1/SphK2 inhibitor by moving the inhibitor up in the pocket and away from Asp211. Asp178 of SphK1 similarly forms this hydrogen bond with SLC5111312 (7i) ( Figure S3 , Supporting Information). Interestingly, in the cocrystal structure of sphingosine with SphK1, an analogous interaction between the internal hydroxyl group and Asp178 exists. 28 This interaction in conjunction with our results indicates that the hydroxyl on SLC5111312 (7i) stabilizes interactions of the inhibitor in the top of the binding cavity near residues Asp308 and Ser298. These interactions weaken or remove electrostatic and polar interactions with Asp211 and impart dual SphK activity. To further validate our studies, we docked another dual inhibitor, Amgen 82, and found that a hydrogen bond exists between the piperidine hydroxyl group and Ser298, while the hydrogen bond to Asp308 or Asp211 is abolished ( Figure 3D ). The hydrogen bond with Ser298 moves Amgen 82 up into the binding pocket and away from Asp 211. The hydrogen bond between the Amgen 82 piperidine hydroxyl group and Ser298 acts similarly to the hydrogen bond between Asp308 and SLC5111312 (7i) in regards to overall ligand positioning in the binding cavity. As a result, dual Sphk activity is observed for both Amgen82 and SLC5111312 (7i). In conclusion, we described the structure−activity relationship profile of naphthalene-based SphK2 inhibitors. A key discovery of our studies is SLC5091592 (7n), a potent analogue that incorporates a 4-trifluomethylbenzyl "tail" and displays increased selectivity (>20-fold) toward SphK2 when compared to SLR080811. Molecular docking studies suggest that the inhibitors possess a binding mode similar to sphingosine in the ligand binding pocket and emphasize the role of the tail region of the pocket on SphK selectivity. Furthermore, our investigation identifies the importance of two other crucial interactions that impart SphK2 selectivity: a guanidine hydrogen bond to Asp211 and the removal of a pyrrolidine hydroxyl group that abolishes a hydrogen bond to Asp308. This work provides an avenue toward improved sphingosine kinase inhibitors.
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